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The 5*-terminal 31 nucleotides of the 146-nucleotides-long 5* noncoding region of plum pox potyvirus (PPV) are highly
conserved in all the members of the Potyvirus genus. To map the sequences of the 5* noncoding region that are necessary
in vivo for infectivity, we have constructed a nested set of substitution and deletion mutants. While we were not able to
infect Nicotiana clevelandii plants with full-length PPV transcripts bearing mutations in the 5*-terminal 35 nucleotides of the
viral genome, the deletion of long sequences located between nucleotides 39 and 145 did not alter either the rate of
infection or viral accumulation. Nevertheless, these mutants were not able to compete with the wild-type strain in coinocula-
tion experiments. Plants infected with a PPV mutant that lacked nucleotides 127 to 145 showed a very mild symptomathology;
the wild-type symptom severity was recovered after spontaneous second-site mutations. q 1997 Academic Press
INTRODUCTION al., 1990; Van der Kuyl et al., 1991; Cui and Porter, 1995;
Rholl et al., 1995). The progeny negative strand seems
Plum pox virus (PPV) is a member of the Potyvirus then to remain annealed to the positive-strand template
genus, the largest group of plant-infecting viruses. The and stem–loop structures in the 5* NCR of the positive
genome of PPV is a messenger-polarity RNA molecule strand of this double-stranded RNA replicative intermedi-
of 9786 nucleotides (nt) in length (Rankovic isolate), with ate are required for the synthesis of the positive strand
a VPg protein covalently linked to the 5* end and a poly(A) of brome mosaic virus (BMV) RNA-2 (Pogue and Hall,
tail at the 3* end (Laı´n et al., 1989). 1992), enteroviruses (Andino et al., 1990) and rhinovi-
Upon infection of cells, the genomic RNA is uncoated ruses (Rholl et al., 1994). Similar structures are conserved
and its single open reading frame (orf) is translated into at the 5* NCR of BMV RNAs 01 and 03 and are also
a large polyprotein that is co- and posttranslationally pro- predicted at the 5* NCR of cucumber mosaic virus (CMV)
cessed into the functional proteins (Riechmann et al., and cowpea chlorotic mottle virus (CCMV) RNAs 01 and
1992). According to current models (Quadt and Jaspars, 02 (Pogue and Hall, 1992).
1989; Hayes and Buck, 1990; Duggal et al., 1994), the The sequences present in the 5* terminal loop region of
replication of positive-strand RNA viruses is catalyzed by BMV, CMV, and CCMV stem–loops show strong sequence
a viral RNA-dependent RNA polymerase (RdRp) com- similarity with the internal control regions (ICR) 1 and 2 of
plexed to other viral and probably also plant factors. RNA the tRNA gene promoters (Marsh et al., 1989). In the case
replication is initiated by the synthesis of a full-length of BMV and CCMV RNA-3, the nucleotides required for
negative strand complementary to the genomic positive- positive-strand synthesis were located in the 5*-terminal 90
strand RNA. A progeny-positive strand is then synthe- nt of the 5* NCR (French and Ahlquist, 1987; Pacha et al.,
sized using the negative strand as a template. The speci- 1990), and also in the intercistronic region of BMV RNA 3
ficity of the viral RdRp complex for its cognate RNA is (French and Ahlquist, 1987; Pacha et al., 1990; Traynor et
achieved through the recognition in cis of signals in the al., 1991). Several ICR-like sequences have also been found
positive and the negative strands. in the 5* NCR of alfalfa mosaic virus (AlMV) RNAs 01 and
The tertiary conformation of the promoter located at the 03. The 5*-terminal 112 nt of the 314- to 392-nt-long 5*
3* end of the positive-strand RNA, rather than a specific NCR of the AlMV RNA-3, containing one ICR 2 motif that
sequence tract, has been proven necessary for its effi- is also involved in a stem–loop structure, conferred a 10–
cient recognition by the RdRp complex and the initiation 20% level of RNA-3 accumulation; the next 114 nt, con-
of the negative strand synthesis of several plant and taining two ICR 2 motives, were necessary to achieve wild-
animal RNA viruses (Dreher and Hall, 1988; Jupin et al., type (wt) levels (Van der Vossen et al., 1993, 1996). It has
1990; Kuhn et al., 1990; Pacha et al., 1990; Takamatsu et been postulated that the role of the second and third ICR
2 motifs of AlMV RNAs could be equivalent to that played
by the intercistronic region of BMV RNA-3 (Van der Vossen1 To whom correspondence and reprints requests should be ad-
dressed. Fax: 34 1 5854506. E-mail: jagarcia@cnb.uam.es. et al., 1993).
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A different organization of the positive-strand promoter tween nt 87 and 92 (nt 92A was changed to 92U);
pGPPVD[1,12] (where nucleotides 1 to 12, included both,was shown for the RNA-3 of beet necrotic yelow vein
virus (BNYVV), another multicomponent positive-strand were deleted by the BAL-31 treatment), pGPPVD[28,35],
pGPPVD[27,35], pGPPVD[22,35], pGPPVD[19,35],RNA virus. The 444-nt-long 5* NCR of BNYVV does not
contain any ICR-like motif but two discrete pairs of com- pGPPVD[22,43], pGPPVD[39,100], pGPPVD[62,87],
pGPPVD145, pGPPVD[126,145], pGPPVD[127,145],plementary sequences that create a secondary structure
both in the 5* end of the positive strand and in the 3* pGPPVD[128,145], and pGPPVD[114,145] (Fig. 1).
end of the negative strand. Mutational analysis of the
In vitro transcription and plant inoculationcomplementary sequences showed that the secondary
structure was essential for RNA replication (Gilmer et al.,
pGPPV and derivatives were cut with PvuII and PstI,
1992, 1993).
restriction enzymes that cut upstream of the T7 promoter
Cis-active sequences necessary for positive-strand
and immediately downstream the poly(A) tail at the 3* end
RNA synthesis have also been identified in the 5* NCR
of the PPV sequence, respectively. Capped full-length
of viral monopartite genomes. The 5*-terminal 8 nt of
transcripts were synthesized from these constructs with
the TMV genome and several downstream redundant
the T7 Ampliscribe kit (Ambion). The yield and integrity
elements, which become active when others are deleted,
of the transcripts were analyzed by agarose gel electro-
were necessary for viral RNA replication (Takamatsu et
phoresis.
al., 1991). In contrast, only the 5*-terminal 8 nt of the
Three Nicotiana clevelandii primary leaves, a systemic
potato virus X (PVX) RNA were proven dispensable for
host for PPV, were dusted with carborundum and me-
viral replication (Kim and Hemenway, 1996).
chanically inoculated with 2 ml (1 mg/ml of transcript) of
No studies have been reported on the characterization
the transcription reaction diluted 1:1 in 5 mM phosphate
of cis-active sequences at the 5* NCR of the genomic
buffer (pH 7.2). Each mutant was tested in at least three
RNA of any member of the genus Potyvirus. We have
separate experiments; eight plants per experiment were
carried out a mutational analysis of the 146-nt-long 5*
inoculated with each transcript. Control plants were inoc-
NCR of PPV and the results have shown that long se-
ulated with wt PPV transcripts and mock-inoculated.
quences located between nt 39 and 145 are not neces-
sary for genomic RNA replication, but contribute to the Detection and analysis of progeny viral RNA
competitive fitness of the viral population.
Upper, uninoculated leaves were harvested at different
times postinoculation (2 to 8 weeks) and ground in 5 mMMATERIALS AND METHODS
phosphate buffer (pH 7.2) (1 g leaves/1 ml buffer). The
Plasmids constructs
different proteins in the homogenate were separated by
SDS–PAGE in 10% polyacrylamide gels, transferred toPlasmid pGPPV carries a full-length cDNA copy of the
PPV genomic RNA cloned downstream of a T7 RNA poly- nitrocellulose membranes, and analyzed by immunoblot
using an antiserum raised against the coat protein ofmerase promoter (Riechmann et al., 1990).
Plasmid pGG5S6N and substitution and deletion deriv- PPV. Viral infection was also detected by reverse tran-
scriptase-PCR (RT-PCR) on the total RNA isolated fromatives contain the 5*-terminal 3632 nt of the PPV genome,
with different nucleotides substituted and deleted in the inoculated plants (Riechmann et al., 1991) and by immu-
nocapture-RT-PCR (IC-PCR) of the homogenates (25 ml),5* NCR. The substitutions had been previously done by
oligonucleotide-directed in vitro mutagenesis and the de- using an antiserum raised against the coat protein of
PPV to attach the viral particles to the reaction tube andletions had been performed using the nuclease BAL-31
(L. Simo´n-Buela, H. S. Guo, and J. A. Garcı´a, submitted subsequent RT-PCR reaction on the same tube. Two oli-
gonucleotides that amplified the first 248 nt of the 5* endfor publication).
In this study, the fragment PvuII–SalI [nt 050 to 2071; of the viral genome were employed: 5*-AAAATATAAAAA-
CTCAACAC, corresponding to the 5*-first 20 nt, and 5*-numbering of PPV nt is according to Laı´n et al. (1989)]
of pGPPV was replaced by the corresponding fragment of GTTCTCTGGACGGG, complementary to nt 235 to 248.
The presence of the mutations in the progeny viral RNApGG5S6N and derivatives. The following plasmids were
constructed: pGPPVNcoI, where the nonfunctional 36AUG was tested by analyzing the length polymorphism of the
amplified fragments electrophoresed in a 2% agarose gelcodon had been previously changed to 36AAA (Riech-
mann et al., 1991) and a NcoI site was created between and by sequencing the amplified fragment (nt 1 to 248
of the PPV genome) with the fmol DNA sequencing kitnt 145 and 150 (nt 145AG were changed to 145CC and nt
150U was changed to 150G); pGPPVHpaI, where an unique (Promega).
Serial inoculation passages of infected plant homoge-HpaI site was generated, originating an AUG codon in
position 31 that leads to a short intraleader orf (nt 32U nates into N. clevelandii plants were performed to deter-
mine the rate of infection, the viral accumulation, and thewas changed to 32C and nt 35A was changed to 35C);
pGPPVBglII, where an unique BglII site was created be- stability of the mutations.
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FIG. 1. (A) Schematic representation of mutations made in the 5* NCR of PPV. The lines represent the deleted sequences; the restriction enzyme
sites, introduced by site-directed mutagenesis, are also indicated. Thick lines and letters represent the mutations that do not alter viral infectivity.
(B) Length polymorphism of the fragments amplified by nonquantitative RT-PCR of total RNA purified from Nicotiana clevelandii plants inoculated
with full-length transcripts synthesized in vitro from cDNA clones bearing different mutations in the 5* NCR of PPV. The DNA fragments amplified
in the RT-PCR reaction correspond to nucleotides 1 to 248 of the wt PPV genome.
RESULTS leader orfs (the substitution mutant HpaI and the deletion
mutant D[62,87]) and mutations which placed the 147AUGSequence analysis of the 5* NCR of several
initiation codon in a poor context for translation initiation,
potyviruses
without a purine three nt upstream of the AUG codon
The genomes of several members of the Potyvirus ge- (D145, D[128,145], D[126,145], and D[114,145]), resulted
nus have been sequenced completely. Comparative se- in noninfectious viruses (Fig. 1). This result is congruent
quence analysis of the 5* NCR of 3 potyviruses had re- with the repression of translation initiation caused by
vealed the presence of a highly conserved block of 12 these mutations in a transient expression system in pro-
nt starting at position 14 of PPV (Laı´n et al., 1989; Turpen toplasts (L. Simo´n-Buela, H. S. Guo, and J. A. Garcı´a, sub-
et al., 1989). However the multiple alignment of 14 potyvi- mitted for publication) (Fig. 1).
ruses indicates that the conserved block includes nt 1 We also did not detect virus infection when plants
to 31 of the 5* NCR of PPV (Fig. 2). Further analysis did were inoculated with viruses that lacked different se-
not reveal the presence of any sequence motif that was quences in the 5*-terminal 35 nt of the PPV genome
repeated several times in the 5* NCR. (D[1,12], D[19,35], D[22,35], D[27,35], D[28,35], D[22,43]),
although in these cases the deletions did not affect RNA
Effects of 5* NCR mutations on viral infectivity translatibility (L. Simo´n-Buela, H. S. Guo, and J. A. Garcı´a,
submitted for publication) (Fig. 1). In contrast, nucleotidePlant inoculation analysis revealed that mutations
which have introduced AUG codons initiating short intra- substitutions in mutant NcoI and long deletions affecting
FIG. 2. Multiple nucleotide sequence alignment of the 5* NCR of 14 potyviruses. The nucleotides that are conserved in at least nine members
of the genus are shadowed. The sequence line labeled Majority is the consensus sequence determined by the program DNASTAR which was
employed to perform the alignment. The aligned viruses are plum pox virus (PPV), pea seed-borne mosaic virus (PSbMoV), papaya ringspot virus
(PRSV), turnip mosaic virus (TuMV), potato virus Y (PVY), tobacco etch virus (TEV), tobacco vein mottling virus (TVMV), potato virus A (PVA), pepper
mottle virus (PepMoV), yam mosaic virus (YMV), bean yellow mosaic virus (BYMV), peanut stripe virus (PStV), soybean mosaic virus (SMV), and
johnsongrass mosaic virus (JGMV).
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UUU. Both second-site mutations (D[127,145]D62 and
D[127,145]D66) restored the severity of wt symptoms, in
contrast to the mild symptoms produced by their parental
mutant D[127,145] (data not shown). Nevertheless, the
viral accumulation was similar with or without the sec-
ond-site mutation (Fig. 3).
Coinoculations of wt and mutant viruses
The mutational analysis indicated that long sequences
located between nt 39 and 145 of the 5* NCR of PPV
FIG. 3. Western-blot analysis of extracts prepared 30 days postinocu- were dispensable for viral infectivity. To determine if they
lation from Nicotiana clevelandii plants infected with 5* NCR PPV mu- contribute somehow to the optimization of the PPV life
tants. 2 ml (1 g leaves/1 ml phosphate buffer) of each extract were cycle, we have performed competition experiments be-
assayed. The immunoreaction was carried out with an antiserum raised
tween wt and mutant viruses. N. clevelandii plants wereagainst the coat protein of PPV, followed by incubation with anti-rabbit
inoculated with a mixture of extracts from leaves of in-IgGs biotinilated IgGs, incubation with peroxidase-coupled streptavi-
dine, and developing with 4-Cl-1-naphtol. fected plants. The presence of the different viruses at
different times postinoculation was detected by length
polymorphism of the fragments amplified by RT-PCR of
sequences located between nt 37 and 146 (D[77,91], total RNA extracted from the infected plants.
D[92,130], and D[127,145]) did not repress viral infectiv- N. clevelandii plants were coinoculated with wt and
ity and the mutant viruses were detected by symptom mutant D[92,130] at a proportion (wt:D) 1:1, 1:16, or 1:64.
observation, Western blots, RT-PCR, and IC-PCR (Fig. 1 Some mutant virus was still detected 18 days postinocu-
and data not shown). lation when it was coinoculated at an excess of 16 or 64
In order to assess the multiplication efficiency of the times over the wt virus, but it was not observed at that
mutant viruses, N. clevelandii plants were inoculated with time when the viruses were coinoculated at equal con-
homogenates containing the same amount of viral parti- centrations. In no case could the mutant virus be de-
cles. Systemic symptoms (in uninoculated leaves) ap- tected 42 days postinoculation, regardless of the inocu-
peared 8–10 days postinoculation in both wt and mutant- lum composition (Fig. 4A).
infected plants. The degree of symptom severity was the No mutant virus D[127,145] was detected 18 and 42
same for all the viruses with the exception of the one days postinoculation when coinoculated at a concentra-
that lacked nt 127 to 145; the chlorotic mottle induced tion equal, 4 times higher or 4 times lower than wt virus
by this mutant in the leaves of N. clevelandii plants was (Fig. 4B).
clearly milder than that induced by the wt or the other When mutant viruses D[127,145] and D[92,130] were
mutant viruses (data not shown). Although a rigourous coinoculated at equal concentrations or at a concentra-
kinetic analysis of viral multiplication could not been car- tion of D[92,130] 4 times higher than D[127,145], only
ried out because of the infection asynchrony, the accu- D[92,130] was detected 18 and 42 days postinoculation.
mulation of the different mutant viruses was assessed When the inoculum contained D[127,145] and D[92,130]
by Western blot with an antiserum raised against the at a ratio of 4:1, both viruses were detected 18 days
PPV coat protein. No significant difference was observed postinoculation, but later on D[92,130] prevailed and was
between the wt and the mutant viruses, even for mutant the only virus detected 42 days postinoculation (Fig. 4C).
D[127,145] (Fig. 3), indicating that mutant viruses are
able to accumulate to levels similar to those of wild type. DISCUSSION
The 5* NCR of PPV is a 146-nt-long sequence thatStability of 5* NCR mutations through serial passages
seems to be devoid of any stable secondary structureof plant inoculation
due to its very low content of adenosines and guano-
sines. We have carried out a mutational analysis to deter-The sequence of the 5*-terminal 248 nt of PPV mutants
was determined after serial passages of plant inocula- mine which nucleotides of this region are necessary for
viral infectivity. Full-length PPV transcripts with nt 37 andtion. All the substitutions (NcoI and BglII) and the dele-
tions (D[39,100], D[77,91], D[92,130], and D[127,145]) 38 substituted, or that lacked long sequences located
between nt 39 and 145, were able to infect N. clevelandiiwere maintained through up to six passages, being the
plant material harvested up to 90 days postinoculation. plants, an herbaceous host of PPV. The presence of re-
dundant sequences, which become active when othersSecond-site mutations were detected in two of four inde-
pendent series of passages of mutant D[127,145]. In both are deleted, has been previously postulated for the 5*
NCR of TMV, another monopartite positive-strand plantcases, the mutation was a point deletion of an uridine
or adenosine residue in the sequence stretch 62AAAAUU- RNA virus; short deletion analysis of this 5* NCR showed
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neous second-site mutations, deletion of an adenosine
or an uridine in the sequence 62AAAAUUUUU, restored
the wt symptomathology. It could be speculated that the
spontaneous mutations are created to restore the opti-
mum context surrounding the 5*-terminal 31 nt which
are necessary for viral infectivity. We cannot discard the
presence of second-site mutations in nonsequenced ge-
nome regions of other infectious mutant progenies. How-
ever, this possibility seems to be unlikely since the time
of appearence and the severity of symptoms was the
same in plants inoculated with mutant or wild-type tran-
scripts, with the exception of mutant D[127,145], where
the second-site mutation mentioned above was detected.
It has been previously shown that 144 bases in the 5*
NCR of CCMV RNA 3 were dispensable for systemic
infection but important for the relative fitness of the virus
to compete with other CCMV genotypes (Pacha and Ahl-
quist, 1992). In this regard, the infectious PPV mutant
viruses D[127,145] and D[90,130] were not able to com-
pete with the wt virus when coinoculated into N. cleve-
landii plants. This result indicates that although the de-
leted sequences are not necessary for viral infectivity,
they are required for the optimization of the viral life cycle.
FIG. 4. Length polymorphism of the fragments amplified by RT-PCR We have recently shown that mutant transcripts HpaI
of total RNA purified from Nicotiana clevelandii plants coinoculated and D[62,87], which introduced a short intraleader orf,
with wt PPV and the mutant viruses D[92,130] (A), or D[127,145] (B),
and mutant transcripts D145, D[126,145], as well as theand with the mutant viruses D[92,130] and D[127,145] (C). The propor-
D[128,145] deletion, which left the 147AUG initiation co-tions of the viruses in the inoculum and the days postinoculation (d.p.i.)
when the samples were collected are indicated on the top of the panels. don in a bad context for translation initiation, caused a
RT-PCR reactions carried out with the inoculum are indicated as time significant decrease of the translational levels (between
0. The DNA fragments amplified in the RT-PCR reaction correspond to 23 and 52% of the wt ones) in protoplasts transient ex-
the 5*-terminal 248 nucleotides of the wt PPV genomic RNA, the 5*-
pression assays (L. Simo´n-Buela, H. S. Guo, and J. A.terminal 209 nucleotides of D[92,130], and the 5*-terminal 219 nucleo-
Garcı´a, submitted for publication). This low translationtides of D[127,145].
efficiency could explain why full-length PPV transcripts
carrying either these mutations or other deletions that
also impair the context of the translation initiation codonthat only the 5*-terminal 8 nt of TMV were necessary
for viral replication, but the deletion of long downstream (D145 and D[126,145]) were not able to infect plants,
while the in vitro transcripts D[127,145] (that differs fromsequences (nt 9 to 47 or 25 to 71) also repressed viral
infectivity (Takamatsu et al., 1991). In the case of PPV, nonviable mutants in a single base) and D[39, 100] (with
a deletion which embraces that of D[62, 87]) were infec-the sequences that were deleted between nt 39 and 145
without altering the viral infectivity are up to 62 nt long, tious.
Viral infection was also not detected when plants werealmost half of the 5* NCR. This fact, though not conclu-
sive, suggests that there are no redundant sequences in inoculated with full-length PPV transcripts that lacked
different sequences in the 5*-terminal 35 nt of the PPVthe 5* NCR of PPV that become active when others are
deleted. genomic RNA. Comparative sequence analysis has re-
vealed that the 5*-terminal 31 nt are conserved with littleSubstitution of nt 37 and 38, and deletion of long se-
quences between nt 39 and 146 did not significantly alter variations in the 5* end of the potyvirus genomes, thus
emphasizing the importance of this region as a targeteither the rate of plant infection or the viral accumulation.
Nevertheless, the conservation of these nt in the 5* NCR for viral and probably also host factors and suggesting
that the entire 31-nt sequence is necessary for theseof PPV through evolution suggests that this region plays
another role apart from inserting an appropriate transla- interactions. We have shown in a previous study that
neither sequence nor structural elements in the 5* NCRtional distance from the 5* end of the genome to the
146AUG initiation codon. The milder symptomathology are necessary for the translation initiation of the PPV
genomic RNA (L. Simo´n-Buela, H. S. Guo, and J. A.produced by mutant D[127,145], which has not an appar-
ent correspondence on viral accumulation, might sug- Garcı´a, submitted for publication). Altogether, these re-
sults suggest that this 31-nt sequence in the 5* end ofgest that the deleted sequence of nucleotides plays a
role in the interaction with the host. Interestingly, sponta- the positive strand, or its complementary in the 3* end
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Mapping sequences required for productive replication of beet ne-of the negative strand, could be the target for the PPV
crotic yellow vein virus RNA 3. Virology 178, 273–280.replication complex. If any sequence of the 5* NCR of
Kim, K.-H., and Hemenway, C. (1996). The 5* nontranslated region of
PPV participated in the encapsidation of the viral ge- potato virus X RNA affects both genomic and subgenomic RNA syn-
nome, it would also be placed in the 5*-terminal 31 nt of thesis. J. Virol. 70, 5533–5540.
Kuhn, R. J., Hong, Z., and Strauss, J. H. (1990). Mutagenesis of the 3*the PPV genome.
nontranslated region of Sindbis virus RNA. J. Virol. 64, 1639–1647.Although this 31-nt sequence is conserved in the Po-
Laı´n, S., Riechmann, J. L., and Garcı´a, J. A. (1989). The complete nucleo-tyvirus genus, there is no significant similarity between
tide sequence of plum pox potyvirus RNA. Virus Res. 13, 157–172.
it and other viral cis-acting regions, as the ICR-like mo- Marsh, L. E., Pogue, G. P., and Hall, T. C. (1989). Similarities among
tives of AlMV, BMV, CMV, and CCMV or the sequences plant virus (/) and (0) RNA termini imply a common ancestry with
promoters of eukaryotic tRNAs. Virology 172, 415–427.in the 5* NCR of TMV or PVX. Thus, different primary,
Pacha, R. F., Allison, R. F., and Ahlquist, P. (1990). Cis-acting sequencessecondary, or tertiary structures can be involved in pro-
required for in vivo amplification of genomic RNA3 are organizedviding specificity to the genome replication of different differently in related bromoviruses. Virology 174, 436–443.
positive-stranded RNA viruses. Further studies are re- Pacha, R. F., and Ahlquist, P. (1992). Substantial portions of the 5* and
intercistronic noncoding regions of cowpea chlorotic mottle virusquired to determine whether this cis-acting signal hetero-
RNA3 are dispensable for systemic infection but influence viral com-geneity is indicating the existence of different mecha-
petitiveness and infection pathology. Virology 187, 298–307.nisms for the initiation of virus RNA replication. In that
Pogue, G. P., and Hall, T. C. (1992). The requirement for a 5* stem-loop
case, the requirement of different specific plant factors structure in brome mosaic virus replication supports a new model
for each of these mechanisms might contribute to the for viral positive-strand RNA initiation. J. Virol. 66, 674–684.
Quadt, R., and Jaspars, E. M. J. (1989). RNA polymerases of plus-stranddelimitation of particular virus host ranges.
RNA viruses of plants. Mol. Plant–Microbe Interact. 2, 219–223.
Rholl, J. B., Percy, N., Ley, R., Evans, D. J., Almond, J. W., and Barclay,
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